Introduction
Chronic leg ulceration associated with venous disease was first described by Hippocrates.' It remains a common clinical problem, an epidemiological study of all leg ulcers by Cornwall et aU in a London Health District reporting a prevalence of 1.8 per WOO population. Eighty-one per cent were shown by photoplethysmography to have evidence of venous disease, giving a prevalence of 1.46 per 1000population for venous ulceration, rising to 3.8 per 1000 population over 40 years. In a study of a metropolitan population in Perth, Western Australia, Baker et a/. 3 reported a prevalence of 0.62 per 1000population
for clinical venous ulceration. The chronicity of the underlying disease was also demonstrated in the same study, with 34% of patients having a history of recurrent ulcers going back more than 10 years and 29% having had more than ten previous episodes of ulceration. The Perth study identified venous disease as the most common aetiological factor in chronic leg ulceration. Arterial disease, assessed by pedal Doppler pressures, was identified as an aetiological factor in 22%. Venous ulceration places a considerable drain on health care resources: in the UK it has been estimated that each untreated ulcer costs £2000 per year. 4 Despite extensive research and its high prevalence the pathophysiology of venous ulceration remains enigmatic, although there is now broad agreement that the macrocirculatory cause of venous ulceration is an inability to lower the venous pressure in the veins of the lower limb on exercise. The exact mechanism whereby this chronic venous ambulatory hypertension causes trophic skin changes (lipodermatosclerosis) which result in chronic ulceration is not fully understood.
Macrocirculatory changes
The macrocirculatory changes associated with venous ulceration are reflux, retrograde flow or obstruction to outflow, leading to ambulatory venous hypertension> and refluxv ( Figure 1 ). Until recently all venous ulcers were believed to be secondary to deep vein disease following thrombosis; venous ulcer and postphlebitic or thrombotic ulcer were synonymous. More recently it has become widely accepted that superficial venous disease alone can also result in a raised ambulatory venous pressure at the ankle with subsequent ulceration. In the study by Cornwall et al? an abnormality of the deep venous system was detected in 27%, of the superficial system in 32% and of both the superficial and deep systems in 11%.
In the superficial long and short saphenous veins the cause of the reflux is usually primary valve failure.' In the deep and perforating veins of the leg valve incompetence may be primary or secondary to deep venous thrombosis. Kistner? performed descending venography on more than Calfvolume and anklevenous pressurechanges on exercise in a normal SUbject and a patient with long saphenous incompetence with and without a thigh tourniquet. Note the similarity between the pressureand volume tracings andthe effect of a tourniquet on long saphenous incompetence.
200 limbs and observed that in some patients with chronic venous insufficiency there was evidence of valve leakage without evidence of previous thrombosis in the femoral veins. Valve failure prevents effective action of the calf muscle pump which results in impaired venous return and venous hypertension. Saphenous vein incompetence, calf perforator incompetence and post-thrombotic damage often coexist which has made it difficult to establish which is the most important factor in venous ulceration.
Linton" and Cockett? both stressed the importance of perforator incompetence in the pathogenesis of venous ulceration and described operations directed at correcting this incompetence, Linton by subfascial ligation and Cockett by extrafascialligation of the perforating veins. Linton!" suggested that the reason for the typical location of venous ulcers was that the perforating veins on the medial aspect of the leg were poorly supported by connective tissue and thus particularly susceptible to passive dilatation and subsequent incompetence. However, surgical approaches designed to eliminate perforator incompetence do not always result in ulcer healing, a good result being obtained in 80% of patients with five-year follow-up in one series,'! which suggests that other aetiological factors may be involved. It is now believed that perforator incompetence is often secondary to deep or superficial disease and in one recent study only 4% of patients with venous ulcers were found to have perforator incompetence alone.P
Recently Sethi a and Darke-' in a study of 60 limbs with ulceration found that in 17 (28.3%) of the limbs saphenofemoral and perforator incompetence were the only definable venous abnormalities. Twelve of these 17 patients subsequently underwent surgery to the long saphenous system alone, the high preoperative postexercise foot vein pressure returning to relatively normal levels after surgery. This would suggest that saphenofemoral incompetence may be physiologically more important than perforator incompetence. This seemed to be confirmed in a later publication from Darke and Penfold'? in which they reported the long-term (mean 3.5 years) follow-up of 87 patients with long saphenous and perforator incompetence and venous ulceration treated by saphenous ligation and stripping. Healing of the venous ulcer was maintained in all but five patients.
Microcirculatory changes
Several hypotheses have been developed to explain the link between high ambulatory venous pressure and the cutaneous microcirculatory changes which can lead to venous ulceration. Some of the changes observed in the microcirculation and earlier theories linking them to venous ulceration will be reviewed, followed by a detailed appraisal of the two most recent hypotheses -the fibrin cuff and the white cell trapping hypotheses.
Stasis
Homansv proposed in 1917 that stasis in the cutaneous vessels was important in the aetiology of venous ulceration, and the concept grew that stasis resulted in tissue anoxia and subsequently ulceration. This theory was initially supported by the findings of De Takats et al. l s that oxygen levels were decreased in venous blood draining ulcerated limbs. However, these findings were first challenged by Blalock'< who showed that the oxygen content of femoral venous blood in patients with varicose veins was higher than in controls, and patients with venous ulceration had the highest femoral venous Oxygen content. Blalock!« suggested that the discrepancies between his findings and those of De Takats'> could be explained by the effect of posture on femoral vein oxygen COntent. The oxygen content was high while supine but decreased rapidly on standing. A number of subsequent studies have confirmed the findings of Blalock.P-t? Most recently Scott et al. 19 studied both normal controls and patients with uncomplicated varicose veins, but without chronic venous insufficiency (CVI), comparing arm and leg venous oxygenation while supine and standing. They confirmed the findings of Blalock 16 that the oxygen tension was higher in blood from varicose veins than in normal veins in the supine position. The same group also showed that laser Doppler flux was higher in lipodermatosclerotic limbs than in normal limbs. 20 There is therefore little or no evidence for continuing to support the concept of 'stasis' ulcers.
Arteriovenous shunting
Piulachs and Vidal-Barraquer-" suggested that their finding of high oxygen levels in the venous blood draining limbs with venous ulceration could be explained by the presence of multiple arteriovenous shunts in the area of ulceration. This theory was supported by others including GUiS,22 who claimed to have seen histologically abnormal arteriovenous communications in the skin of 13 patients with varicose veins undergoing surgery using an operating microscope. The abnormal communications were traced from the long saphenous vein to the tibial arteries. However, no other workers have found such abnormal communications and Guis himself has accepted that the vessels he had seen may have been merely thick walled capillaries.
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Very indirect support for the presence of arteriovenous shunts comes from the findings of Scott et al, ' ? In addition to the finding that the oxygen tension was higher in blood from varicose veins than in normal veins in the supine position, they demonstrated that, while supine, blood in the superficial leg veins has a higher oxygen content than blood in superficial arm veins in both normal controls and patients with varicose veins. On standing, there was no significant difference in superficial leg vein oxygen tension between patients and controls. These findings would be consistent with the existence of arteriovenous shunts in the leg but can be explained by other mechanisms. The decrease in oxygen content of the leg venous blood on standing can be explained by the venoarterial reflex, which reduces lower limb blood flow on dependency. An alternative explanation for the increased venous oxygen tension in patients with venous disease could be a block to the diffusion of oxygen from the capillaries and postcapillary venules in patients with venous disease. The evidence regarding the occurrence of tissue hypoxia will be discussed later.
There are arteriovenous anastomoses normally present within the dermis which are involved in thermoregulation. It has been proposed that these normal physiological shunts may open in venous disease, a suggestion that is supported by the finding of an increase in skin temperature in post-thrombotic limbs and in limbs with varicose veins. 23 Partsch's groups-have used isotopically labelled macroaggregates to investigate the possibility of arteriovenous shunts in patients with venous ulceration. Intra-arterial injection of 30-JLm diameter radioactive labelled microspheres demonstrated accumulation of activity at the site of the venous ulcer but the aggregates did not pass through into the veins.
In summary, after much initial enthusiasm by researchers, there remains no convincing evidence to support the hypothesis that arteriovenous shunts are of importance in venous ulceration.
Tissue hypoxia
There has been considerable debate over the evidence that the ulcer-bearing skin is hypoxic. As described earlier, Homanst-suggested that stasis produced tissue hypoxia and subsequently ulceration. Clyne et al. 25 studied oxygen levels in the skin of the gaiter area using a transcutaneous oxygen monitor (probe head heated to 44°C). They demonstrated significant hypoxia on the gaiter area of limbs with severe venous disease. Mani et al. 26 studied transcutaneous oxygen tension in venous ulcer patients and controls with the probe head heated to 43°C and at skin temperature. They demonstrated that normal controls had significantly higher transcutaneous oxygen tensions than ulcer patients at the higher temperature, but there was no difference between the two groups with the probe at skin temperature. This loss of vasodilatory capacity of the supramalleolar skin in venous disease has also been observed by Cheatle et al., 2°who concluded that inferences about the oxygen content of liposclerotic skin at normal temperature cannot be drawn using heated transcutaneous oxygen probes.
Lymphatic obstruction
An abnormality of dermal lymphatics has been implicated in the pathogenesis of venous ulceration. Bollinger et alP used fluorescence micro lymphography to study the superficial lymphatic network in patients with CVI. The patients were classified into three groups by clinical criteria: stage Ioedema and dilated foot veins; stage II -lipodermatosclerosis; stage III -ulceration. In stage I the superficial lymphatic network appeared normal but in stages II and III the networks were interrupted. Using labelled dextran they also found that the lymphatics in some patients with stage II or III disease demonstrated increased permeability to dextran which accumulated and remained in the interstitial space. This increased permeability combined with destruction of the lymphatic network prevents effective lymphatic clearance of the interstitial space.
Lymphography was used by Partsch et al. 28 to study the small cutaneous lymphatics and the larger lymphatic trunks. Similar changes were noted in the small cutaneous lymphatics to those previously described by Bollinger et al. 27 In addition, changes were noted in the lymphatic trunks which were dilated with increased peristaltic activity.
Previous studies on patients with CVI by the same group-? had shown that labelled colloids injected into the dorsum of the foot reached the inguinal lymph nodes faster than colloid injected into the ulcerated area, indicating a local incompetence of lymph drainage but generally intact prefascial lymph transport. These changes in lymphatics observed in patients with CVI probably contribute to the progression to ulceration but it remains unclear whether these changes are primary or secondary.
Microangiopathy
Patients with CVI develop a characteristic microangiopathy.w The capillaries appear tortuous and dilated, almost like glomeruli, although in severe forms of CVI the number of capillaries seen by vital microscopy actually decreases. Bollinger and co-workers have studied the microangiopathy in both mild and severe CVI.31,32 Patients with mild CVI (oedema but no lipodermatosclerosis or ulceration) showed increased tortuosity and dilatation in only a minority of microvessels. Although patients with mild CVI showed less marked morphological capillary changes, there was increased transcapillary diffusion detected by fluorescence videomicroscopy . Inhomogeneous flow of sodium fluorescein within capillaries was only observed in patients with severe CVI. However, even in severe CVI the coiled microvessels densely packed with erythrocytes always filled with fluorescein, suggesting that capillary thrombosis is not important in the pathogenesis of venous ulcers.
The fibrin cuff hypothesis
The fibrin cuff hypothesis was proposed by Browse and Burnandv in 1982, and is based on the results of human and animal experiments undertaken by the St. Thomas's group over several years. Whimster>' had described capillary proliferation in patients with severe venous disease in 1956. Twenty-five years later Whimster's histological observations were reexamined by Burnand et al. 35 and correlated with changes in foot vein pressure during exercise. Biopsies were taken from the centre of the ulcerbearing area, 7.5 em above the medial malleolus, and the sections scored for capillary appearances. It was not possible to determine from the histological sections whether the increased number of capillaries seen in sections represented a true increase or merely an elongation and an increased convolution of existing capillaries, although the latter is now widely accepted to occur. However, there was a significant correlation between the 'number' of capillaries and the inability of the calf pump to reduce the foot vein pressure on exercise.
The St. Thomas's group later developed a canine modelw in which the foot vein pressure was raised in the hindlimb of a greyhound by the construction of an arteriovenous fistula between the femoral vessels. This produced an identical change in the capillary bed in the skin of the canine leg as had been observed in the human.
It was in this model that they also demonstrated that, while high venous pressure did not change the rate at which albumin and sodium left the vascular compartment, fibrinogen leaked significantly faster into the extravascular fluid compartment. It was suggested that the fibrinogen was passing through intercellular endothelial pores as previously described by Shirley et al. 37 Burnand et al. 38 biopsied the skin in the ulcer-bearing area in 41 limbs and stained the sections for fibrin. In all 26 limbs with liposclerosis, pericapillary fibrin was present, while pericapillary fibrin was not demonstrated in any of the 15 legs without liposclerosis. As an appendix to the same publication Burnand et al. 38 described the results of an in vitro experiment to assess the effect of fibrin on oxygen diffusion. A l-mrn thick commercial fibrin layer was placed in a specially designed diffusion chamber. The sheet of fibrin was demonstrated to cause little impairment to carbon dioxide diffusion, but it was relatively impermeable to oxygen.
Todd-? demonstrated that the walls of peripheral veins produce a substance that activates fibrinolysis (plasminogen activator). The St. Thomas's groups" studied the fibrinolytic activity of peripheral venous blood and the activator activity in the vein wall in 120 controls and 294 patients with various forms of vascular disease. They demonstrated a correlation between blood and tissue fibrinolytic activity, and patients with varicose veins complicated by lipodermatosclerosis were shown to have a deficiency of blood and tissue fibrinolytic activity. They also demonstrated" that vein wall fibrinolytic activity was significantly higher in normal volunteers than in patients with lipodermatosclerosis, not only in ankle veins
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but also in hand veins. This suggested that the impaired tissue fibrinolytic activity in patients with venous ulceration may be a systemic defect and not purely a local phenomenon secondary to venous hypertension in the leg.
The fibrin cuff hypothesis.P which was derived from these and other findings, suggests that raised venous pressure is transmitted to the capillaries and postcapillary venules, resulting in a widening of the intercellular endothelial pores. Pappenheimer and Soto-Riverashave shown using an isolated perfused limb model that a given change in venous pressure has a five to ten times greater effect on capillary filtration and absorption than an equivalent change in arterial perfusion pressure. Fibrinogen leaks out of the vessels through the widened intercellular endothelial pores and is polymerized to fibrin which forms a cuff around the capillaries. It was then suggested that this fibrin cuff impairs the diffusion of oxygen and other nutricnts-" to the tissues, which results in hypoxic damage, cell death and eventually skin ulceration.
This elegant hypothesis has recently been questioned, and there is now good evidence that, at best, it can only be one of several mechanisms involved. Essential to the hypothesis is the supposition that the fibrin cuff acts as an important barrier to the diffusion of oxygen and other nutrients. The experiment described by Bumandv used a sheet of fibrin far thicker (1 mm) than the cuffs seen in histological sections, and it was unlikely to have been of identical chemical composition to the fibrin cuffs in vivo. Michels" described calculations concerning oxygen diffusion through oedemato us tissue and a pericapillary fibrin cuff. He concluded that oedema has a relatively small effect on the diffusion of oxygen through tissues, and although the diffusion distances are increased the oxygen consumption per unit volume of tissue is decreased. Michels! suggested that nonuniformity of microvascular perfusion was a more likely cause of hypoxia than oedema. In addition, he 43 demonstrated that, because of the relative size of the fibrin fibres in the cuff compared with the molecular radius of the diffusing oxygen, the volume fraction of fibrin in the cuff would have to be greater than 50% -which is unlikely -to seriously impede oxygen diffusion.
Finally, the disappointing results of fibrinolytic
Capillary Occlusion and White Cell Adhesion
Decreased Capillary Perfusion Pressure Figure 2 The role of white blood cells (WBCs) in ischaemic disease. The hypothesis proposes that at reduced perfusion pressure the WBCs are trapped in the microcirculation. These trapped cells become activated and release lysosomal enzymes, oxygen free radicals, proteolytic enzymes, cytokines and chemotactic substances. Thus a vicious cycle of endothelial and tissue cell damage is established with further WBC and platelet recruitment.
ISCHAEMIA
.. Thomas et al. 55 studied WBC retention in the leg using a similar experimental method in normal controls and patients with lipodermatosclerosis. In this study there were minor methodological differences compared with that of Moyses.>' which probably accounted for the less marked WBC retention in the control group (5% vs 25%). However, Thomas et al. 55 demonstrated that after 60 minutes leg dependency patients with chronic venous insufficiency were retaining 29% of WBCs compared with the normal controls who retained only 5% of WBCs in the leg.
Although Thomas et al. 55 demonstrated a transient increase in the WBC concentration of the
The white cell trapping hypothesis
There is now considerable evidence to implicate white blood cells (WBCs) in the pathogenesis of many types of ischaemic event. Epidemiological evidence suggests that WBCs have a predictive value for future myocardial.s" cerebrovascular'< and peripheral vascular'? events. Animal experimentsw-s? indicating that WBCs may also have an important role in determining the extent of the injury after an ischaemic event fit in with clinical evidence that the WBC count is a secondary risk factor after myocardial infarction.w Figure 2 illustrates the possible mechanisms whereby activated WBCs in the microcirculation may initiate ischaemic tissue damage.
The rheological behaviour of WBCs in the microcirculation is complex and not completely understood. WBCs are approximately 1000 times more resistant to deformation than red blood cells'" (RBCs) and at reduced perfusion pressure may plug capillaries.V Possibly of more importance in venous ulceration is the behaviour of the WBC in the postcapillary venule where margination occurs. 53 In the postcapillary venule, because of the low flow state, RBCs aggregate, forcing WBCs to the periphery of the vessel. Some of these marginated WBCs then become fixed to the endothelium and may subsequently become activated and leave the circulation, Retention of WBCs in the circulation of the leg was first reported by Moyses et al. 54 in 1987. Blood samples were taken from a superficial arm vein after lying supine for 20-30 minutes and from a superficial vein on the dorsum of the foot after 20 and 40 minutes sitting. The haematocrit, total plasma protein and albumin concentrations all increased significantly in the blood leaving the foot compared with the initial samples. By contrast there was only a slight increase in the number of WBCs in the blood draining the foot, which was less than the increase in arm blood after 45 minutes sitting. These findings were interpreted as showing that approximately 15-20% of WBCs entering the feet during quiet sitting do not leave in the venous blood. enhancement therapy in the treatment of venous ulceratiorr'" provide indirect evidence that the fibrin cuff is not a significant factor in venous ulceration. 55 were taken from the long saphenous vein at the ankle -an apparently suitable sampling site -but it is not known how the cannulation process altered blood flow through the vein.
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Ulceration
Conclusions Figure3
The microcirculatory changes that result in venous ulceration are not completely understood. The fibrin cuff and white cell trapping hypotheses are not mutually exclusive, but together explain some of the observations in patients with venous disease (Figure 3) . A complete understanding of the pathophysiological process might lead to a combination of pharmacological therapy for blood draining the leg on resuming the supine position, it was not possible to determine if any WBCs had become permanently fixed in the limb, either adherent to the wall of the postcapillary venule or migrated through the vessel wall into the tissues. Scott et al. 56 attempted to quantify the WBC content of the skin of the gaiter area in patients with venous disease by histological examination of punch biopsies. In patients with uncomplicated varicose veins there were 6 WBCs per mm>, in patients with lipodermatosclerosis 45 WBCs per mm-and in patients with a history of ulceration 217 WBCs per mm-. However, by sitting the patient for 30 minutes to increase the venous pressure there was no change in the WBC count. This study did not establish whether the WBCs counted were inside or outside the capillaries. The failure to demonstrate an increased WBC infiltration on sitting may have occurred because the period of time was too short to allow the trapped WBCs to escape from the circulation.
Although none of these experiments established conclusively whether the white cell trapping was primary or secondary to the lipodermatosclerosis, they suggested a new hypothesis for the pathophysiology of venous Ulceration. 57 It is proposed that in patients with venous hypertension WBCs are trapped within the microcirculation of the dependent leg, either by plugging capillaries or marginating and adhering in the postcapillary venule. Plugging of the capillaries by WBCs might cause heterogeneous perfusion resulting in tissue hypoxia. More importantly the WBCs trapped within the microcirculation could become activated and release oxygen free radicals, proteolytic enzymes, cytokines and chemotactic substances, thus establishing a vicious cycle of endothelial cell and tissue damage with further WBC and platelet recruitment ( Figure 2) .
The evidence indicating a central role for WBCs in the initiation and evolution of ischaemic events is considerable. However, the proposition that WBCs have a key role in the pathogenesis of venous ulceration is disputed. Moyses et al. 54 observed a far greater retention of WBCs in normal legs than did Thomas et al. 55 -25% vs 5%. Indeed, the retention observed by Moyses et al. 54 in normals approached that found by Thomas et al. 55 in patients with chronic venous the microcirculatory changes and compression hosiery for the macrocirculatory changes with faster healing'f and possibly a lower recurrence rate.
